ABSTRACT: Poly(a-L-guluronate)lyase, as one of alginate lyases, was purified from the culture medium of a marine bacterium, Pseudomonas sp. strain F6, to an electrophoretically homogeneous state. The enzyme was shown to have a molecular mass of 36 kDa by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and was most active at around pH 7.5 and was stable between pH 6.5 and pH 8.5. In the thermal stability experiments, the enzyme's activity diminished through an intermediate state with increasing incubation temperatures and was finally lost when heated at 100∞C for 15 min. The addition of hen egg-white lysozyme to the enzyme decreased thermal stability dramatically. The apparent retention of enzyme activity (approximately 50%) was observed after the addition of 6 M guanidine hydrochloride and 8 M urea. Enzyme activity was lost completely with 10 mMSDS, while the ordered structure, which is considered likely to be b-structure, was markedly created. The similar conformational feature has also been created in marine bacterial and mollusc enzymes and the b-structure is commonly observed in polyuronate lyases. The divalent cation (Ca 2+ ) promoted the activity of the calcium chelator-treated enzyme significantly, suggesting that Ca 2+ is involved in the formation of the active intermediate between the acidic uronate(s) and amino acid side-chain(s) of the enzyme.
INTRODUCTION
One of the alginate lyases, poly(a-lguluronate)lyase [EC 4.2.2.11](GLyase), which is specific to homopolymeric guluronic acid (polyguluronate) and produces 4-deoxy-l-erythro-hex-4-ene pyranosyluronate at the non-reducing terminal sugar residue from polyguluronate, has been purified from various bacterial sources and has been characterized. [1] [2] [3] [4] [5] [6] [7] The enzymes possess distinctive properties depending on its bacterial source; for example, GLyase isolated from a marine bacterium Vibrio sp. is highly tolerant of heat and denaturants; 5 GLyase from Corynebacterium sp. has low activity; 8 and alginate lyase from Alteromonas sp. strain H-4 9 and Alteromonas sp. strain no. 272 10 is active to both mannuronate and guluronate of alginate.
Alginate is used widely as a food additive, in pharmaceuticals and in industrial materials because of its gelling properties in acidic media through divalent metal chelation. The biological activities of the low molecular products with and without unsaturated uronates from alginate have also been searched. [11] [12] [13] [14] In order to utilize alginate and degraded alginate products efficiently, alginate-degrading enzymes with a wide variety of properties are desired and, upon meeting adequate requirements, can be applied to produce low molecular products.
As yet, little is known on the protein structure-function relationship of alginate lyases. The catalytic and conformational properties of poly(bd-mannuronate)lyase [EC 4.2.2.3](MLyase) from wreath shell Turbo cornutus has been character-obtained by the addition of solid ammonium sulfate to the liquid culture medium up to saturation, was dissolved in 20 mM phosphate buffer (pH 7.0) and dialyzed against several changes of the same buffer. The dialyzed sample was applied on a DEAE-Cellulofine column (2.5 cm ¥ 42 cm) equilibrated with 20 mM phosphate buffer (pH 7.0) and eluted with a linear gradient of NaCl (0-1.0 M in a total volume of 2 L) in the same buffer. The enzyme was eluted at approximately 0.3 M of NaCl. The active fraction was subjected to a Sephadex G-100 column (2.5 cm ¥ 97 cm), which had been equilibrated with 50 mM phosphate buffer (pH 7.0) containing 0.1 M NaCl, and eluted with the same buffer. The active fraction, which emerged at approximately 330 mL of the eluent, was dialyzed against 20 mM phosphate buffer (pH 7.0) containing 2 M ammonium sulfate and thereafter applied on a Butyl Cellulofine column (1.0 cm ¥ 14 cm) equilibrated with the same buffer. The enzyme was eluted with a linearly decreasing ammonium sulfate concentration (2.0-0 M in a total volume of 500 mL) and emerged at approximately 220 mL. The active fraction was dialyzed against 20 mM phosphate buffer (pH 7.0).
Enzyme assay
An aliquot (0.2 mL or less) of the enzyme solution was added to 2.0 mL of substrate solution of 0.2% sodium alginate or 0.1% polyguluronate in 50 mM Tris-HCl buffer (pH 7.5) or in 50 mM phosphate buffer (pH 7.5) incubated previously at 30∞C for 10 min. The increase in absorbance at 235 nm from the unsaturated reaction products was measured within 3 min. One unit of lyase activity was represented as an increase of 0.100 in the absorbance per minute at initial reaction time and specific activity was expressed as units per milligrams of protein used.
Determination of protein
Protein was determined using the microbiuret method reported by Itzhaki and Gill 21 and by the method of Lowry et al., 22 in which BSA was used as a standard. Absorbance at 280 nm was used as an alternative routine method.
Measurement of circular dichroic spectra
Circular dichroic (CD) was measured with a Jasco J 500A spectropolarimeter (Jasco, Tokyo, Japan) equipped with a DP501N data processor, as The first evidence of the 3-D structure of intracellular GLyase from Sphingomonas sp. has been disclosed by X-ray crystallography. 17 To better understand the general aspects of the structurefunction relationship of alginate lyases, further studies are required on alginate lyases with various properties.
In a previous paper, we have described the characterization of partially purified GLyase from Pseudomonas sp. strain F6 isolated from rotten Porphyra fronds. 18 The present article describes the further purification and characterization of the enzyme and to which activity it was found to be most sensitive to calcium ions.
MATERIALS AND METHODS

Materials
Sodium alginate (1000 cps grade), guanidine hydrochloride (GHCl), and urea of the purest grade were purchased from Nakarai Tesque, Inc (Kyoto, Japan). DEAE-Cellulofine A500 and Butyl Cellulofine were from Seikagaku Kogyo Co. Ltd (Tokyo, Japan). Sephadex G-100 and standard proteins used for calibrating the molecular mass were obtained from Amersham Pharmacia Biotech (Buckinghamshire, UK). Polymannuronate and polyguluronate were prepared from sodium alginate (Nakarai Tesque), according to the method of Haug et al. 19 Homogeneity of each polyuronate preparation was tested using the circular dichroic (CD) method reported by Morris et al. 20 A marine bacterial species, Pseudomonas sp. (strain F6), isolated from rotten Porphyra fronds was kindly supplied by Dr Y Fujita (Faculty of Fisheries, Nagasaki University, Nagasaki, Japan). Other reagents were of analytical grade.
Bacterial culture
A marine bacterium, Pseudomonas sp., was grown at approximately 25∞C for three days in a liquid medium containing 0.2% sodium alginate, 0.1% NaNO 3 , 0.01% KH 2 PO 4 , 0.001% FeCl 3 and 0.1% Tris(hydroxymethyl)aminomethane (Tris) in a total volume of 4 L of seawater (pH 7.5) in an Erlenmeyer flask, with air bubbling under aseptic conditions.
Purification of poly(a-l-guluronate)lyase
All procedures were carried out at approximately 4∞C. The enzyme precipitation, which was M Miyazaki et al.
described elsewhere, 23 at ambient temperature (approximately 20∞C). The mean residue weight of polyguluronate and of the enzyme based on the amino acid analysis, which will be described below, was 176.0 and 129.5 respectively.
Amino acid analysis
The protein was dialyzed against highly deionized water and lyophilized. Acid hydrolysis of the protein and the amino acid analysis were carried out as described previously using a Hitachi L8500 amino acid analyzer (Hitachi, Tokyo, Japan).
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RESULTS
Purification, substrate specificity and molecular mass
GLyase from Pseudomonas sp. strain F6 was purified 80-fold with a 21% yield and as an extracellular enzyme (Table 1) . Polyacrylamide gel electrophoresis (PAGE) indicated that the enzyme was homogeneous in either the presence or absence of sodium dodecyl sulfate (SDS), as shown in Fig. 1 . The molecular mass was estimated to be 36 kDa on the SDS gel. This value was different from that estimated using a crude enzyme preparation in a previous paper (32 kDa). 18 The substrate specificity of the enzyme, in addition to the ultraviolet enzyme assay, was confirmed by far-UV CD measurements of the reaction products from polyguluronate and from polymannuronate as the substrate, as in the method reported elsewhere. 18 The action of the enzyme on polyguluronate gave rise to the prominent spectral change in the far-UV region, which is characteristic to GLyase. In contrast, any significant spectral change was not shown on polymannuronate (data not shown).
Effect of pH and thermal stability
The enzyme action on polyguluronate was most active at approximately pH 7.5. This pH was similar to that of GLyases from diverse origins, 27 but different from Vibrio sp. (pH 8.5) 28 and MLyase from Turbo cornutus (ª pH 9.0). 29 The enzyme was stable between pH 6.5-8.5 when the enzyme was incubated in buffers with various pH concentrations at 25∞C for 15 min before being assayed. The thermal stability of the enzyme was evaluated by incubating the enzyme solution in 20 mM phosphate buffer (pH 7.5) at various temperatures, as shown in Fig. 2 , for 15 min before being assayed. The rela- decreased gradually until complete loss of activity was attained at 8 mM, being distinguishable from GHCl and urea.
The far UV CD spectra of the enzyme before and after addition of the denaturants and of the enzyme free from the added denaturants by extensive dialysis of the denaturants in a cold room (at about 4∞C) were measured and are shown in Fig. 4 . The spectrum of the native enzyme showed a trough at 215 nm with a CD band at approximately 228 nm. The addition of 3 M GHCl and 4 M urea caused blue shifts in the spectra concurrently with the disappearance of the CD band at 228 nm. In contrast, SDS gave a different effect, by which the position of the trough was shifted to 206 nm and deepened markedly with a perceptible CD band at approximately 220 nm. The CD spectra of the enzyme after removal of GHCl and of urea by dialysis were nearly the same as those of the native enzyme, suggesting that most of the protein's secondary structure was restored under these conditions. Circular dichroic spectral reversibility on the SDS-treated enzyme was not attempted.
Effect of EGTA, CaCl 2 and NaCl
Most of alginate lyases require moderate ionic strength for maximum activity. 27 In order to evalutive remaining activity decreased gradually with increasing temperature down to approximately 70% at 40∞C and, thereafter, remained fairly constant up to 80∞C, and finally disappeared completely at 100∞C. However, the crude enzyme preparation was found to decrease uniformly with increasing incubation temperatures. 18 The presence of 0.1% ovalbumin increased the remaining activity at temperatures below 60∞C. In contrast, 0.1% hen egg-white lysozyme caused a dramatic loss of activity even at temperatures below 30∞C.
Effects of guanidine hydrochloride, urea and sodium dodecylsulfate
The effect of denaturants on enzyme activity was studied by incubating the enzyme with various concentrations of denaturants, as indicated in Fig.  3 , at 25∞C for 15 min before being assayed. Treatment with GHCl at 1 M or up to 6 M resulted in the loss of approximately half of the original activity. A similar effect was caused by urea at 4 M or above, in which the decrease in activity was uniform up to 4 M. The denaturing profile with SDS was ate the effects of metal ions (ionic strength) the enzyme was treated first with a calcium chelator, ethylene glycol bis(b-aminoethylether)-N,N,N¢,N¢-tetraacetic acid (EGTA). The enzyme treated with 5 mM EGTA in 30 mM Tris-HCl buffer (pH 7.5) at 30∞C for 10 min resulted in 27% of the remaining activity, compared with that of the native enzyme's activity. After treatment with EGTA, the enzyme was dialyzed extensively against 10 mM Tris-HCl buffer (pH 7.5) in a cold room (at ª 4∞C), and then various concentrations of CaCl 2 , as shown in Fig. 5 , were added to the dialyzed enzyme and incubated at 30∞C for 10 min before being assayed. At 0.1 M CaCl 2 , the activity of the calcium-added enzyme increased by ninefold in the preincubation mixture compared to the activity of the dialyzed enzyme. At concentrations higher than 0.1 M CaCl 2, a slight amount of Ca 2+ -alginate gel appeared in the assay mixture and interfered with the exact measurement of the enzyme activity. When NaCl instead of CaCl 2 was added under the same conditions, no significant change in activity was observed, as shown in Fig. 5 .
Amino acid analysis
The enzyme's amino acid composition was analyzed and compared with that of GLyase from Vibrio sp., as shown in Table 2 . The contents of Thr and Ser in the Pseudomonas sp. enzyme were relatively low with two residues of Cys, whereas those of Gly and Trp were high. Corynebacterium sp. GLyase. 8 The activity required to produce the unsaturated uronates seems to depend on the enzyme's origins.
Substrate specificity was routinely determined by the ultraviolet assay method using polyguluronate or polymannuronate as a substrate. Polyuronates prepared from sodium alginate, which are used for substrate, are generally known not to be completely pure and, therefore, polyguluronate may often contain a small amount of mannuronate as a contaminant. There was a possibility that the apparent activity of GLyase might be because of the MLyase action on mannuronic residue site(s) during the preparation of polyguluronate. This false GLyase activity is not distinguishable by ultraviolet assay at 235 nm. The CD spectral changes induced by GLyase action on polyguluronate or by MLyase action on polymannuronate is easily distinguishable from other enzyme reactions. 10 Purified Pseudomonas sp. enzyme gave a CD spectral change that is characteristic to the reaction products resulting from the action of GLyase on polyguluronate. The CD spectral change induced by MLyase action on polymannuronate was not observed (data not shown), being quite similar to Fig. 8 in the article by Muramatsu and Sogi. 18 This result indicates, together with those results of the ultraviolet enzyme assay, that the substrate specificity of Pseudomonas sp. enzyme is strictly specific to polyguluronate, at least oligomeric guluronate.
The effects of pH on the enzyme were tested in view of optimal pH activity and pH stability. An optimal pH of 7.5 for the enzyme reaction is very common for bacterial alginate lyases. 27 The most alkaline pH for alginate lyase action was shown to be at pH 9 in the case of MLyase from Turbo cornutus. 29 As a matter of course, optimal pH of the enzyme reaction is related closely to amino acid side chains that are essential for enzyme action. There are limited experimental data about the essential amino acid residues involved in alginate lyase action obtained by the chemical modifications of the residues. 24, 28, 30 Although the data indicate that Trp and Lys may be commonly observed functional amino acid residues but the involvement of Cys, Arg, His and Met in the activity is dependent on the enzyme's origins, it is not yet known whether or not these amino acid residues are directly responsible for their activity because the chemical modification of the amino acid(s) far from the active site might cause the deformation of the native conformation. To date, we do not have such data. The amino acid residue(s) responsible for the activity of the Pseudomonas enzyme remain(s) to be solved. The most stable pH range of the Pseudomonas sp. enzyme was shown to be Ca-Alginase of Pseudomonas sp.
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DISCUSSION
In previous papers, one of the investigators of the present study reported the enzymatic properties of the crude alginate lyase prepared from Pseudomonas sp. that was used in the present study. 18 The bacterium produces extracellular GLyase and intracellular MLyase, whereby the former enzyme was characterized with respect to molecular mass, optimal pH, pH stability and mode of action on polymeric substrate. In the present study, the purification of GLyase was necessary to obtain knowledge of the enzyme's molecular properties. The enzyme, which was purified by a factor of 79, was electrophoretically homogeneous either in the presence or absence of SDS, with a yield of 21%. The specific activity of the enzyme (223 units/mg protein) was one-third that of Vibrio sp. GLyase 28 and one-sixteenth that of Turbo cornutus MLyase, 29 but four times that of and Na + on poly(a-lguluronate)lyase activity. The enzyme was treated with 5 mM EGTA in 30 mM Tris-HCl buffer (pH 7.5) at 30∞C for 10 min and then dialyzed against 10 mM Tris-HCl buffer (pH 7.5) in a cold room (4∞C). The dialyzed enzyme (14 mM) in 10 mM Tris-HCl buffer (pH 7.5) was incubated with various concentrations of Ca 2+ or Na + at 30∞C for 10 min before being assayed. The remaining activity was assayed by using 2 mL of 0.1% polyguluronate as substrate in 10 mM Tris-HCl buffer (pH 7.5). (᭺) CaCl 2 ; (᭝) NaCl.
deformed by the denaturants into an inactive conformation, and then active conformation was restored by diluting the denaturants' concentrations. Conformational changes observed in these denaturation and re-naturation processes were followed by far UV CD measurements. The enzyme's secondary structure appeared to be rich in b-structure, as judged by the spectral pattern, 31, 32 with a band at around 228 nm being probably contributable to Trp residue. 33 The b-structure shown in the CD spectra has also been observed in GLyase from Vibrio sp., 5 MLyase from Turbo cornutus, 34 and pectate lyase from Erwinia chrysanthemi as polyuronate lyase. 35 The pectate lyase has been found to be composed of the characteristic bdomain motif, called a parallel b-helix. The bstructure in alginate lyases may be a conformational feature often observed in most polyuronate lyases. using X-ray chrystallography, however, the contents of a-helical structures of intracellular alginate lyase from Sphingomonas sp. is shown to be abundant. 17 The blue shift of the CD spectra of the native enzyme upon addition of 3 M GHCl and of 4 M urea indicates the collapse of these ordered structures. The great CD spectral change observed upon the addition of SDS to the enzyme was considered to be due to reformation of the polypeptide chain conformation. The conformation of poly(l-lysine) induced by various surfactants has been analyzed by Takeda. 36 His results indicate that the b-structure content in poly(llysine) increases with an increase in SDS concentration. It seems likely that the conformational change of the Pseudomonas GLyase in the presence of 10 mM SDS is in agreement with his findings. On removal of the denaturants by dialysis, the enzyme substantially regained the same CD spectral profiles, showing reversible potency in activity and protein conformation, as in the cases of other bacterial GLyases described earlier.
The requirement of metal ions for alginate lyase activity depends on the enzyme's source. Most alginate lyases demand a low concentration of divalent cations for maximum activity. 27 The addition of EGTA to the Pseudomonas sp. GLyase before carrying out the assay resulted in the disappearance of more than 70% of the remaining activity. After extensive dialysis of the EGTA-treated enzyme, the addition of CaCl 2 to the dialyzed solution restored activity. This effect was in contrast with that of NaCl, which did not cause any activating effect. This phenomenon indicates that the enzyme requires a divalent metal ion, at least Ca 2+ in the present case, to function. MgCl 2 had a similar effect on activity to that of CaCl 2 but only increased activity by one-third (data not shown). According to a model proposed by Gacesa, divalent cations may between 6.5 and 8.5, which is narrower than the pH ranges of Corynebacterium sp. and Vibrio sp. enzymes (pH 4-10), 8, 28 although the incubation conditions before carrying out the assay were slightly different from each other.
In the thermal stability experiments of the Pseudomonas sp. enzyme, the decreases in the remaining activity with the increasing incubation temperatures indicated the presence of intermediates of the enzyme denatured by heat, as shown in Fig. 2 . This overall profile of thermal denaturation was similar to that observed for denaturation of the Vibrio sp. enzyme, but the latter has been found to retain more than 40% activity upon heating at 100∞C for 15 min. 5 The heat-labile portion of the protein collapsed at first up to approximately 40∞C, and then the rigid and relatively stable portion, which might be the molten globule structure, remained partially active up to approximately 80°C. Beyond this temperature the entire protein structure gradually deformed. Alternatively, this phenomenon may be explained by the reversibility of the partially denatured protein, which was induced upon heating at temperatures between 45∞C and 80∞C, to the native-like protein when the heat-treated protein was added to the assay mixture at 30∞C. The thermal denaturation profile of the crude enzyme preparation used in previous experiments was different from the purified enzyme used in the present study, showing uniform decreases in activity proportional to increased temperature. 18 This discrepancy is a result of the coexistence of impure proteins as the presence of ovalbumin or lysozyme greatly influences the enzyme's thermal stability, as shown in Fig. 2 .
Past studies have focused on enzyme behavior under denaturing conditions and on understanding their activity restoration and native conformation when freed from denaturants, as observed in Vibrio sp. and Corynebacterium sp. GLyases. 5, 8 After the addition of 6 M GHCl and of 8 M urea to the enzyme solution, the denaturant-containing enzyme solutions were assayed according to routine method. The enzyme apparently retained approximately 50% of activity under these conditions, as shown in Fig. 3 ; the reason being ascribed to the re-naturation of the enzyme by the dilution of each denaturant concentration when the denaturant-containing enzyme solution was added to the relatively large volume of assay mixture. This is supported by evidence in which: (i) the coexistence of the denaturants in the assay mixture caused complete loss of activity at 1.5 M of GHCl; and (ii) a loss of more than 90% of activity at 2 M of urea (data not shown). These facts suggested that the enzyme's active conformation was partially function by forming a salt bridge that is likely to be formed between the carboxyl anion(s) on the alginate and the nucleophilic amino acid side chain(s) on the enzyme in the active site. 27 The result of the chemical modification of the amino acids such as Trp, Lys and His is consistent with this postulation. A transient active intermediate involved in the proton transfer of uronates may be stabilized by this divalent cation complex. Activity is not ascribed to ionic strength in the medium as demonstrated by the fact that a wide range of NaCl concentrations did not cause any change in lyase activity. Alternatively, MLyase from Turbo cornutus is activated by a factor of only 1.5 by 1.5 M NaCl, and none of the other divalent cations show an activating effect. 37 One of the carbohydrate lyases, pectate lyase, also requires calcium for activity. The structure of Bacillus subtilis pectate lyase when complexed with calcium is solved by X-ray crystallography. 38 Calcium, which is essential for an enzyme's activity, binds at the bottom of the cleft's active site and binds to arginine residue. The 3-D structure of Erwinia chrysanthemi pectate lyase has been demonstrated, 35 whereby calcium is shared by the enzyme and the pectate during catalysis, serving to neutralize the negative charge of the uronyl moiety. The role of calcium, as observed in the pectate lyases, may be similarly conserved in Pseudomonas sp. GLyase.
